1. Introduction {#sec0005}
===============

Interoception refers to the sensing of visceral signals from the inner body and contrasts with exteroceptive senses (including touch, vision, hearing, smell) and with proprioceptive signals about the spatial location of body parts from joints, tendons and muscles ([@bib0045], [@bib0060], [@bib0220]). The measurement of interoception has focused on quantifying individual differences in interoceptive sensitivity, most frequently assessed using tests of how well a person can perceive their heart beating at rest, perhaps as heartbeats are discrete and easily measurable ([@bib0270]). Two tests dominate: the 'heartbeat tracking' task in which participants report the number of heartbeats they feel over a predetermined time interval (accuracy reflects how close this reported number is to actual recorded number of heartbeats; [@bib0200]), and of 'heartbeat discrimination' in which participants judge whether external signals (for example, auditory tones) are cued to be synchronous or asynchronous to their own heartbeat ([@bib0030]; [@bib0145]; [@bib0265]).

Self-report indices of interoception ('interoceptive sensibility') include questionnaires probing subjective sensitivity to specific bodily changes, and confidence ratings of interoceptive task performance. Such experiential measures frequently diverge from the objective measures of interoceptive accuracy. Recently, a dimensional model, supported by empirical data, was proposed for the conceptualization of psychological aspects of interoception along dimensions of interoceptive accuracy, interoceptive sensibility, and interoceptive awareness (Garfinkel et al., 2015Garfinkel, Seth, Barrett, Suzuki, & Critchley, 2015). Here, interoceptive awareness describes the metacognitive correspondence between self-report and performance measures: i.e. how well interoceptive sensibility matches interoceptive accuracy ([@bib0090]; [@bib0100]). Importantly, dissociation between these interoceptive dimensions demonstrate that individuals do not necessarily have good insight into their interoceptive ability, and is very relevant to understanding anxiety in terms of interoceptive prediction error ([@bib0105], [@bib0100], [@bib0170]).

Interoception is influenced by the dynamic state of physiological arousal (we become aware of heartbeats when running or scared) or hunger ([@bib0135]), and by attention-dependent processes including self-observation ([@bib0010]; [@bib0005]). Here, we explore the proposition that poor experiential sleep quality may be associated with poor interoception, impairing interoceptive accuracy. Interoceptive information contributes to the regulation of sleep-wake cycles: Sleep arises from the interaction between a homeostatic process dependent on sleep propensity and a sleep-independent circadian process ([@bib0025]). Correspondingly, poor quality sleep may perturb the processing of viscerosensory information, including cardiovascular signals. Normal sleep is accompanied by predictable changes in bodily physiology: a decrease in blood pressure and heart rate is observed when an individual progresses from wakefulness to non-rapid eye movement (NREM) sleep. Increases in blood pressure and heart rate periodically occur during NREM sleep. During REM sleep, blood pressure and heart rate are comparable to wakefulness ([@bib0040]). Additionally, sleepiness reduces physiological arousal, including heart rate ([@bib0020][@bib0055]), particularly in the absence of a requirement for effort to remain awake ([@bib0055]).

Sleep problems are an early indicator of psychological disorder and they are bi-directionally associated with depression and anxiety ([@bib0115], [@bib0120]; [@bib0125]; [@bib0140]; [@bib0215]). Poor sleep quality can have distinct effects on interoception for individuals with different mental health diagnoses. Reduced interoceptive accuracy is reported in individuals with depression ([@bib0085]) and suicidality ([@bib0075]), while enhanced interoceptive accuracy is often linked to the expression of panic disorder, panic attacks, and other anxiety disorders ([@bib0065]; [@bib0185]; [@bib0250]). There may be a vicious cycle where, for example in depression, interoceptive dysfunction causes errors in the interpretation of somatic signals necessary for normal sleep, thereby contributing to sleep disturbance and further interoceptive deficits ([@bib0125]).

Poor sleep is linked to specific deficits in cognitive functioning and emotional information processing ([@bib0080]; [@bib0110]; [@bib0225]), yet there is currently no published research that explores whether experiential sleep quality is associated with disturbances in interoception. In addition, there is no published research that explores differential effects of sleep quality on interoception for individuals with different mental health diagnoses. The current study aimed to explore associations between experiential sleep quality and distinct dimensions of interoception, measured as performance accuracy, self-report sensibility or as metacognitive awareness in people with and without mental health diagnoses. Interoception is influenced by physiological states, such as hunger ([@bib0135]). We therefore hypothesised that experiential sleep quality would similarly predict interoceptive accuracy, sensibility and metacognitive awareness. Given the reported alteration of performance on interoceptive tasks in clinical populations ([@bib0075], [@bib0085]), and associations between sleep problems and mental health difficulties ([@bib0125]; [@bib0215]), we further hypothesised that the presence of specific clinical diagnoses would enhance the impact of poor sleep in interoception. Specifically, our hypotheses were that (1) perceived poor sleep quality would predict impaired interoceptive accuracy (that is, impaired performance on behavioural tests of interoception), with this negative effect enhanced for individuals with mental health diagnoses, (2) perceived poor sleep quality would predict elevated interoceptive sensibility (that is, self-report ratings about their interoceptive performance), particularly for individuals with mental health diagnoses, and (3) perceived poor sleep quality would predict reduced interoceptive awareness (that is, a reduced correspondence between interoceptive accuracy and confidence ratings), with a greater discrepancy between accuracy and confidence for individuals with mental health diagnoses.

2. Method {#sec0010}
=========

2.1. Participants {#sec0015}
-----------------

A total of 180 participants were recruited to the study. Participants with no mental health diagnosis were recruited through advertisements placed around the university, inviting healthy volunteers to take part in the study. Forty-two participants with no history of mental health diagnoses were recruited to the study, including 8 males (19%) and 34 females (81%), with a mean age of 28.2 years (range 18--65). Thirty participants (71%) had received either an undergraduate or postgraduate degree.

Participants with current or previous mental health diagnoses (*n* = 138) were referred to the study by psychiatrists and clinical psychologists from the Assessment and Treatment Services (secondary care), or were self-referred to the study and recruited through advertisements placed within primary care and community settings. The study team were informed of participant diagnoses at the time of referral, and the Electronic Care Plan Approach (eCPA) patient notes were referred to for a subset of participants to verify their diagnosis. eCPA notes are systematically updated by the clinical care team, and are an electronic record of the patient\'s care notes, including details such as patient diagnosis, care plan, assessments, and any associated documents, notes or letters for that patient. Where there was a discrepancy between patient self-report and clinical notes, the diagnosis as detailed in the clinical notes was used. This diagnosis was based on either International Classification of Diseases (ICD) or Diagnostic and Statistical Manual (DSM) criteria, depending on the preference of the psychiatrist. The sample of clinical participants included 43 males (31.2%), 92 females (66.7%), 1 other (0.7%), and 2 undisclosed (1.4%), with a mean age of 34.21 (range 18--64), and with 53 participants (38.9%) educated at either undergraduate or postgraduate degree level. Primary diagnoses included: major depression *n* = 44 (33%), anxiety *n* = 24 (25%), mixed anxiety and depressive disorder *n* = 18 (13%), psychosis *n* = 11 (8%), bipolar disorder *n* = 10 (7%), personality disorder *n* = 8 (6%), obsessive compulsive disorder *n* = 7 (5%), eating disorder *n* = 5 (4%), posttraumatic stress disorder *n* = 3 (2%), autistic spectrum disorder *n* = 2 (1%), attention deficit hyperactivity disorder *n* = 1 (1%), and dissociative disorder *n* = 2 (1%). Due to low numbers of participants with some diagnoses, diagnosis groups with less than 15 participants were excluded for the interoception analyses. As such, 133 participants remained for the interoception analyses, including healthy controls, and participants with depression, anxiety, and mixed anxiety and depressive disorder. However, analyses that did not require groupings by diagnosis (including the principal component analysis) used the full sample of participants. Participants with a significant history of cognitive impairment or an additional neurological condition, and participants with alcohol intake on the day of testing, were excluded from the study.

2.2. Measures {#sec0020}
-------------

Demographic questionnaire. Background information was collected from participants, including age, gender, BMI, education level, working status, medication use, and exercise uptake.

PiBTsburgh Sleep Quality Index (Buysse et al., 1989Buysse, Reynolds, Monk, Berman, & Kupfer, 1989). The Pittsburgh Sleep Quality Index (PSQI) is a 19-item self-rated measure of sleep quality and disturbances, with subscales of experiential sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, use of sleeping medication, and daytime dysfunction. Each subscale was scored from 0 to 3, with higher scores indicating poorer sleep quality. The PSQI has good test-retest reliability, with correlations of 0.85 for the global score, and ranging between 0.65 and 0.84 for the subscales, across two testing sessions ([@bib0035]).

Porges Body Perception Questionnaire ([@bib0180]). The Porges Body Perception Questionnaire (BPQ) is a 45-item self-rated scale of interoceptive sensibility (participants' awareness of bodily sensations, such as stomach and gut pains), rated on a five-point scale with ratings of 'never', 'occasionally', 'sometimes', 'usually', and 'always' (range: 1--5). The BPQ contains five sub-tests ('awareness', 'stress response', 'autonomic nervous system reactivity', 'stress style', and 'health history inventory'). For the purpose of the current study, only the 'awareness' sub-test was used. For the current sample, the BPQ had high internal consistency (α = 0.92).

Heartbeat Tracking ([@bib0200]). For the heartbeat tracking task participants were instructed: '*Without manually checking, can you silently count each heartbeat you feel in your body from the time you hear "start" to when you hear "stop"'*. Participants completed six trials, across randomised time-windows of 25, 30, 35, 40, 45 and 50 s. The number of heartbeats counted was recorded after each trial.

Heartbeat Discrimination ([@bib0030][@bib0145], [@bib0265]). For the heartbeat discrimination task, participants judged whether a series of ten auditory tones were synchronous or asynchronous with their own heartbeat. They were instructed: '*You will hear ten tones. Please tell me if the tones are in sync or out of sync with your own heartbeat*'. Each participant completed twenty trials, consisting of ten tones (triggered by the participant's own heartbeat) presented at 440 Hz for 100 ms. Synchronous tones were presented at the beginning of the rising edge of the pulse pressure wave. Asynchronous tones were presented after a delay of 300 ms, adjusting for the average delay (∼250 ms) between the R-wave and the arrival of the pressure wave at the finger ([@bib0175]). The participants then reported whether the ten tones were synchronous or asynchronous with his/her heartbeat on each trial.

Confidence judgements. After each trial for both the heartbeat tracking (N = 6) and heartbeat discrimination (N = 20) tasks, the participant immediately rated his/her confidence in their perceived interoceptive ability. These confidence values were then averaged to yield a measure of interoceptive sensibility (i.e. self-perceived proficiency) for these two tasks ([@bib0100]). The participant marked this on a 10 cm continuous visual analogue scale (VAS) to indicate confidence. The VAS was labelled with 'total guess/no heartbeat awareness' at 0 cm, and 'complete confidence/full perception of heartbeat' at 10 cm.

2.3. Procedure {#sec0025}
--------------

Ethical approval was received from the university research ethics committee and from the National Research Ethics Committee (NRES). The study was explained to each participant, who gave written consent to take part. Participants completed the questionnaires before performing the tasks of cardiac interoception: a heartbeat tracking task, and a heartbeat discrimination task. Heartbeat measures were derived from finger pulse oximetry (Nonin 8600 with a 'soft' sensor fitting to reduce exteroceptive feedback) from the index finger of the non-dominant hand. After each trial for both tasks, the participant rated confidence in the accuracy of his/her response using the VAS. The average accuracy score was used as an index of interoceptive accuracy, and the average confidence rating was used as an index of interoceptive sensibility for these tasks. As the heartbeat discrimination task may guide participants about the speed and rhythm of their heartbeat, this task was always completed after the heartbeat tracking task.

2.4. Data analysis {#sec0030}
------------------

The PSQI consists of seven subscales to assess sleep quality. However, it was likely that some of these variables were measuring the same construct and would be highly correlated, which would warrant some of these subscales redundant. Therefore, exploratory principal components analysis (PCA) with direct oblimin rotation was conducted on the seven subscales of the PSQI to determine the factor structure of this questionnaire for the current sample. Missing data (*n* = 2) was excluded from analysis. Iterative analyses were conducted, and PSQI subscales with factor loadings \<0.30 were excluded. The PCA model was based on 178 participants and met the standards for sampling adequacy and assumptions of sphericity (KMO statistic = 0.76, and individual KMO values from the diagonals of the anti-image correlation matrix \>0.64; Bartlett\'s Test χ^2^ = 223.97, *p* \< 0.001).

To assess the role of sleep and diagnosis on dimensions of interoception, hierarchical regression analyses were conducted using participants from diagnosis groups where *n* \>15, which included participants with no diagnosis, major depression, anxiety disorder, and mixed anxiety and depressive disorder. These analyses were, therefore, based on a sample size of 133 participants. Dummy variables were calculated for diagnoses, with healthy controls used as the baseline group, against which all other diagnoses were compared.

Interoceptive accuracy, interoceptive sensibility and interoceptive awareness were entered into the regression as dependent variables. For the heartbeat tracking task, interoceptive accuracy was calculated for each trial ([@bib0100]; [@bib0130]): 1-- (\|*n*beats~real~ -- *n*beats~reported~\|)/((*n*beats~real~ + *n*beats~reported~)/2). The average of these scores was taken to give an overall accuracy score. For the heartbeat discrimination task, accuracy was determined using signal detection analyses. The sensitivity measure *d\'* was calculated based on the difference between *z-*transformed hit rates and z-transformed false-alarm rates ([@bib0195]). Interoceptive sensibility values included VAS confidence ratings for both interoception tasks, and BPQ scores.

Interoceptive awareness is a metacognitive measure that represents the extent that confidence during the interoception tasks (as rated on the VAS) predicts interoceptive accuracy. For the heartbeat discrimination task (which uses binary variables of correct/incorrect responses to the synchrony of tones), receiver operator characteristic (ROC) curve analysis was conducted to determine the strength of correspondence between confidence and accuracy ratings for each trial. The area under the ROC curve was used as an index of interoceptive awareness ([@bib0100]). For the continuous variable of accuracy during the heartbeat tracking task (number of heartbeats counted), Pearson\'s *r* was used to consider the association between accuracy and confidence for each trial.

Hierarchical regression analyses were conducted with gender and age entered into the first model, the dummy variables for diagnosis entered into the second model, sleep quality entered into the third model, and the interaction between diagnosis (dummy variables) and sleep quality entered into the fourth model. Interoceptive accuracy, interoceptive sensibility, and interoceptive awareness were respectively entered into the regression analyses as dependent variables.

3. Results {#sec0035}
==========

3.1. Principal components analysis on the PSQI {#sec0040}
----------------------------------------------

A 2-factor model of the PSQI was identified, with eigenvalues \>1 for each factor and the 2-factor model accounting for 54.4% of the total variance. Final component loadings (pattern matrix) after direct oblimin rotation are shown in [Table 1](#tbl0010){ref-type="table"}. Factor 1 (Sleep Effectiveness) accounts for 38.7% total variance, and Factor 2 (Sleep Difficulties) accounts for 15.78% total variance ([Table 2](#tbl0005){ref-type="table"}).Table 2Factor component loadings (pattern matrix) after direct oblimin rotation for the exploratory PCA.Table 2PSQI SubscaleComponent 1: Sleep EffectivenessComponent 2: Sleep DifficultiesSleep Efficiency0.85Sleep Duration0.84Sleep Quality0.550.34Daytime Dysfunction0.350.35Sleep Medicine0.82Sleep Disturbance0.71Sleep Latency0.370.48Table 1Demographics information and means (SD) for questionnaire measures and interoception tasks.Table 1Healthy ControlsMajor DepressionAnxietyMixed Anxiety and Depressive DisorderGender Male19% (*n* = 8)29.5% (*n* *=* 13)16.7% (*n* = 4)16.7% (*n* = 3) Female81% (*n* = 34)68.2% (*n* = 30)83.3% (*n* = 20)83.3% (*n* = 15) Other0% (*n* = 0)2.3% (*n* = 1)0% (*n* = 0)0% (*n* = 0)  Age Mean (SD)28.19 (9.8)34.27 (14.25)24.88 (8.54)34.50 (14.84)  Sleep Effectiveness Mean (SD)−0.40 (0.60)0.07 (0.91)0.02 (0.74)0.77 (1.29)  Sleep difficulties Mean (SD)−0.56 (0.62)- 0.10 (0.99)0.02 (1.11)0.06 (0.87)  BPQ Mean (SD)97.24 (19.78)107.24 (27.47)116.04 (26.84)118.81 (32.29)  Heartbeat Tracking Accuracy Mean (SD)0.64 (0.28)0.55 (0.28)0.46 (0.32)0.51 (0.38)  Heartbeat Tracking Confidence Mean (SD)3.97 (2.27)3.83 (2.65)4.39 (2.32)3.55 (2.01)  Heartbeat Tracking Sensibility Mean (SD)0.20 (0.54)0.17 (0.42)0.11 (0.49)0.09 (0.64)  Heartbeat Discrimination Accuracy Mean (SD)0.57 (0.14)0.53 (0.13)0.50 (0.32)0.50 (0.08)  Heartbeat Discrimination Confidence Mean (SD)4.23 (2.67)4.43 (2.37)4.66 (2.10)4.49 (2.70)  Heartbeat Discrimination Sensibility Mean (SD)0.55 (0.17)0.51 (0.14)0.53 (0.18)0.51 (0.11)

3.2. Interoceptive accuracy {#sec0045}
---------------------------

### 3.2.1. Heartbeat tracking accuracy {#sec0050}

A diagnosis of anxiety significantly predicted a reduction in interoceptive accuracy for the heartbeat tracking task (β  = −0.22, *p* = 0.024). After controlling for sleep effectiveness and sleep difficulty (step 3), anxiety was no longer a predictor of interoceptive accuracy for heartbeat tracking ([Table 3](#tbl0015){ref-type="table"}).Table 3Regression analysis for interoceptive accuracy on the heartbeat tracking and heartbeat discrimination tasks.Table 3Heartbeat TrackingHeartbeat Discrimination*BSE BβBSE Bβ*Step 1 Constant0.510.070.290.18 Gender0.140.060.22[\*](#tblfn0005){ref-type="table-fn"}0.290.150.18 Age0.000.000.02−0.010.01−0.08  Step 2 Constant0.590.080.500.20 Gender0.140.060.22[\*](#tblfn0005){ref-type="table-fn"}0.280.150.17 Age0.000.000.03−0.010.01−0.09 Depression (dummy)−0.110.07−0.17−0.150.17−0.09 Anxiety (dummy)−0.180.08−0.22[\*](#tblfn0005){ref-type="table-fn"}−0.490.20−0.24[\*](#tblfn0005){ref-type="table-fn"} Mixed (dummy)−0.130.09−0.14−0.310.22−0.14  Step 3 Constant0.520.080.530.22 Gender0.130.060.19[\*](#tblfn0005){ref-type="table-fn"}0.290.160.18 Age0.000.000.08−0.010.01−0.10 Depression (dummy)−0.080.07−0.12−0.160.18−0.10 Anxiety (dummy)−0.130.08−0.16−0.510.21−0.25[\*](#tblfn0005){ref-type="table-fn"} Mixed (dummy)−0.060.09−0.07−0.330.24−0.15 Sleep Effectiveness−0.030.03−0.100.000.090.00 Sleep Difficulty−0.050.03−0.16−0.030.08−0.04  Step 4 Constant0.550.090.710.24 Gender0.130.060.21[\*](#tblfn0005){ref-type="table-fn"}0.310.150.19[\*](#tblfn0005){ref-type="table-fn"} Age0.000.000.06−0.000.01−0.07 Depression (dummy)−0.100.08−0.15−0.410.21−0.25 Anxiety (dummy)−0.150.09−0.19−0.730.23−0.36[\*\*](#tblfn0010){ref-type="table-fn"} Mixed (dummy)−0.190.11−0.22−0.600.28−0.27[\*](#tblfn0005){ref-type="table-fn"} Sleep Effectiveness−0.050.08−0.15−0.180.20−0.21 Sleep Difficulty0.000.07−0.000.570.200.66[\*\*](#tblfn0010){ref-type="table-fn"} Depression X Sleep Effectiveness0.020.090.030.190.240.13 Anxiety X Sleep Effectiveness−0.150.11−0.150.330.300.13 Mixed X Sleep Effectiveness0.170.100.310.230.270.16 Depression X Sleep Difficulty−0.040.09−0.08−0.680.23−0.49[\*\*](#tblfn0010){ref-type="table-fn"} Anxiety X Sleep Difficulty−0.030.09−0.05−0.630.25−0.38[\*](#tblfn0005){ref-type="table-fn"} Mixed X Sleep Difficulty−0.300.12−0.32[\*](#tblfn0005){ref-type="table-fn"}−0.630.34−0.25[^2][^3][^4]

The interaction between sleep difficulty and mixed anxiety and depressive disorder was a significant predictor of interoceptive accuracy on the heartbeat tracking task (β = −0.30, *p* = 0.015), with increased sleep difficulties predicting a greater reduction in interoceptive accuracy for individuals with mixed anxiety and depressive disorder compared to those without this disorder ([Fig. 1](#fig0005){ref-type="fig"}).Fig. 1Interaction between sleep difficulties and diagnosis on interoceptive accuracy for the heartbeat tracking task.Fig. 1

### 3.2.2. Heartbeat discrimination accuracy {#sec0055}

After controlling for gender, age, sleep quality, and the interaction between sleep quality and diagnosis, reduced interoceptive accuracy was predicted by a diagnosis of anxiety (β  = −0.36, *p* = 0.002) and a diagnosis of mixed anxiety and depressive disorder (β = -0.27, *p* = 0.035; [Table 3](#tbl0015){ref-type="table"}).

Increased sleep difficulties predicted increased interoceptive accuracy on the heartbeat discrimination task (β  = 0.66, *p* = 0.005). However, reduced interoceptive accuracy was predicted by the interaction between sleep difficulties and depression (β = −0.49, *p* = 0.005), and the interaction between sleep difficulties and anxiety (β = −0.38, *p* = 0.012), with increased sleep difficulties predicting a greater reduction in interoceptive accuracy for individuals with these diagnoses compared to those without these diagnoses ([Fig. 2](#fig0010){ref-type="fig"}).Fig. 2Interaction between sleep difficulties and diagnosis on interoceptive accuracy for the heartbeat discrimination task.Fig. 2

3.3. Interoceptive sensibility {#sec0060}
------------------------------

### 3.3.1. Heartbeat tracking confidence {#sec0065}

After controlling for gender and age, diagnosis and the interaction between diagnosis and sleep quality, sleep difficulties was a significant predictor of confidence ratings on the heartbeat tracking task (β  = 0.50, *p* = 0.040), with more sleep difficulties predictive of reduced confidence in performance. No other variable significantly predicted confidence during the heartbeat tracking task ([Table 4](#tbl0020){ref-type="table"}).Table 4Regression analysis for interoceptive sensibility according to the heartbeat tracking task, heartbeat discrimination task, and the BPQ.Table 4Heartbeat TrackingHeartbeat DiscriminationBPQ*BSE BβBSE BβBSE Bβ*Step 1 Constant3.520.564.550.58115.006.343 Gender0.620.460.130.550.480.11−8.005.21−0.14 Age0.010.020.05−0.010.02−0.04−0.210.20−0.10  Step 2 Constant3.370.624.370.65105.806.77 Gender0.620.470.130.560.490.11−7.565.06−0.12 Age0.020.020.09−0.010.02−0.04−0.250.20−0.12 Depression (dummy)−0.310.53−0.060.160.550.0312.435.650.22[\*](#tblfn0015){ref-type="table-fn"} Anxiety (dummy)0.500.610.080.410.640.0717.906.610.26[\*\*](#tblfn0020){ref-type="table-fn"} Mixed (dummy)−0.510.68−0.080.320.710.0522.227.530.28[\*\*](#tblfn0020){ref-type="table-fn"}  Step 3 Constant3.030.684.630.72116.417.16 Gender0.530.460.110.630.500.12−5.404.89−0.10 Age0.020.020.12−0.010.02−0.07−0.440.20−0.20[\*](#tblfn0015){ref-type="table-fn"} Depression (dummy)−0.150.55−0.030.030.570.017.555.600.14 Anxiety (dummy)0.720.64−0.120.250.670.0411.946.560.17 Mixed (dummy)−0.220.74−0.030.010.770.0013.527.750.17 Sleep Effectiveness−0.150.27−0.060.280.280.114.842.740.17 Sleep Difficulty−0.250.25−0.100.040.270.016.692.620.23[\*](#tblfn0015){ref-type="table-fn"}  Step 4 Constant2.920.864.070.78120.807.90 Gender0.530.480.110.510.490.10−4.284.93−0.08 Age0.020.020.09−0.020.02−0.09−0.480.21−0.22[\*](#tblfn0015){ref-type="table-fn"} Depression (dummy)0.210.660.040.830.670.164.416.750.08 Anxiety (dummy)1.000.730.170.930.740.158.177.500.12 Mixed (dummy)−0.100.87−0.010.920.890.135.698.960.07 Sleep Effectiveness0.550.640.211.170.650.445.426.500.19 Sleep Difficulty−1.280.62−0.50[\*](#tblfn0015){ref-type="table-fn"}−1.860.63−0.69[\*\*](#tblfn0020){ref-type="table-fn"}12.506.270.43[\*](#tblfn0015){ref-type="table-fn"} Depression X Sleep Effectiveness−0.970.77−0.21−1.180.78−0.25−4.897.76−0.10 Anxiety X Sleep Effectiveness−1.300.94−0.17−0.740.95−0.10−5.039.76−0.06 Mixed X Sleep Effectiveness−0.430.83−0.10−1.160.85−0.265.518.630.11 Depression X Sleep Difficulty1.230.730.302.230.740.52[\*\*](#tblfn0020){ref-type="table-fn"}−6.867.46−0.15 Anxiety X Sleep Difficulty1.330.760.272.3440.780.47[\*\*](#tblfn0020){ref-type="table-fn"}−9.437.84−0.17 Mixed X Sleep Difficulty1.041.010.142.261.040.29[\*](#tblfn0015){ref-type="table-fn"}−2.2210.54−0.03[^5][^6][^7]

### 3.3.2. Heartbeat discrimination confidence {#sec0070}

After controlling for gender and age, diagnosis and the interaction between diagnosis and sleep quality, greater sleep difficulties was a significant predictor of reduced confidence ratings during the heartbeat discrimination task (β = −0.69, *p* = 0.004). Interactions between diagnosis and sleep difficulties significantly predicted an increase in confidence ratings during the heartbeat discrimination task (depression X sleep difficulties β  = 0.52, *p* = 0.003; anxiety X sleep difficulties β  = 0.47, *p* = 0.002; Mixed X sleep difficulties β  = 0.29, *p* = 0.031). That is, compared to participants without the diagnosis, participants with greater sleep difficulties and diagnoses of depression, anxiety and mixed anxiety and depressive disorder showed greater confidence in their performance during the heartbeat discrimination task ([Fig. 3](#fig0015){ref-type="fig"}).Fig. 3Interaction between sleep difficulties and diagnosis on interoceptive sensibility for the heartbeat discrimination task.Fig. 3

### 3.3.3. BPQ {#sec0075}

After controlling for gender and age, increased interoceptive sensibility according to BPQ scores was predicted by a diagnosis of depression (β  = 0.22, *p* = 0.030), anxiety (β  = 0.26, *p* = 0.008) and mixed anxiety and depression disorder (β  = 0.28, *p* = 0.004). However, these diagnoses no longer predicted interoceptive sensibility according to BPQ scores after controlling for sleep quality and the interaction between sleep quality and diagnosis. Sleep difficulties predicted increased interoceptive sensibility according to BPQ scores, after controlling for gender, diagnosis, and the interaction between sleep quality and diagnosis (β = 0.45, *p* = 0.045).

3.4. Interoceptive awareness {#sec0080}
----------------------------

### 3.4.1. Heartbeat tracking {#sec0085}

After controlling for gender, age, sleep quality and the interaction between diagnosis and sleep quality, mixed anxiety and depressive disorder predicted reduced interoceptive awareness (β  = −0.33, *p* = 0.010). The interaction between sleep effectiveness and mixed anxiety and depressive disorder predicted increased interoceptive awareness (β = 0.45, *p* = 0.018); that is greater interoceptive awareness was predicted by greater sleep effectiveness for individuals with mixed anxiety and depressive disorder compared with those without this disorder ([Fig. 4](#fig0020){ref-type="fig"}).Fig. 4Interaction between sleep effectiveness and diagnosis on interoceptive awareness for the heartbeat tracking task.Fig. 4

Reduced interoceptive awareness on the heartbeat tracking task was predicted by the interaction between depression and sleep difficulties (β  = −0.36, *p* = 0.036), and the interaction between mixed anxiety and depressive disorder and sleep difficulties (β = −0.29, *p* = 0.032); that is, reduced interoceptive awareness was predicted by greater sleep difficulties for individuals with a diagnosis of depression and for those with a diagnosis of mixed anxiety and depressive disorder, compared to those without these diagnoses ([Fig. 5](#fig0025){ref-type="fig"}).Fig. 5Interaction between sleep difficulties and diagnosis on interoceptive awareness for the heartbeat tracking task.Fig. 5

### 3.4.2. Heartbeat discrimination awareness {#sec0090}

Interoceptive awareness for the heartbeat discrimination task was not predicted by gender, age, diagnosis, sleep quality, or the interaction between diagnosis and sleep quality ([Table 5](#tbl0025){ref-type="table"}).Table 5Regression analysis for interoceptive awareness according to the heartbeat tracking task and heartbeat discrimination task.Table 5Heartbeat TrackingHeartbeat Discrimination*BSE BβBSE Bβ*Step 1 Constant0.170.120.570.04 Gender0.150.100.140.000.03−0.00 Age−0.000.00−0.04−0.000.00−0.11  Step 2 Constant0.220.130.590.04 Gender0.140.100.140.010.030.00 Age−0.000.00−0.04−0.000.00−0.10 Depression (dummy)−0.050.11−0.04−0.040.04−0.12 Anxiety (dummy)−0.090.13−0.07−0.030.04−0.06 Mixed (dummy)−0.100.15−0.07−0.030.05−0.08  Step 3 Constant0.270.150.580.05 Gender0.160.100.150.000.03−0.00 Age−0.000.00−0.06−0.000.00−0.09 Depression (dummy)−0.070.12−0.07−0.040.04−0.11 Anxiety (dummy)−0.120.14−0.10−0.020.04−0.06 Mixed (dummy)−0.170.16−0.12−0.030.05−0.08 Sleep Effectiveness0.060.060.110.000.020.03 Sleep Difficulty0.000.06−0.00−0.010.02−0.05  Step 4 Constant0.380.160.590.05 Gender0.190.0100.180.000.030.00 Age−0.000.00−0.08−0.000.00−0.08 Depression (dummy)−0.170.14−0.16−0.050.04−0.16 Anxiety (dummy)−0.220.15−0.17−0.030.05−0.09 Mixed (dummy)−0.470.18−0.33[\*\*](#tblfn0030){ref-type="table-fn"}−0.030.06−0.06 Sleep Effectiveness−0.050.13−0.09−0.020.04−0.09 Sleep Difficulty0.250.130.450.030.040.17 Depression X Sleep Effectiveness0.060.160.060.030.050.11 Anxiety X Sleep Effectiveness−0.100.19−0.070.040.060.09 Mixed X Sleep Effectiveness0.410.17−0.45[\*](#tblfn0025){ref-type="table-fn"}−0.010.06−0.05 Depression X Sleep Difficulty−0.320.15−0.36[\*](#tblfn0025){ref-type="table-fn"}−0.050.05−0.20 Anxiety X Sleep Difficulty−0.230.16−0.22−0.050.05−0.16 Mixed X Sleep Difficulty−0.460.21−0.29[\*](#tblfn0025){ref-type="table-fn"}0.010.070.03[^8][^9][^10]

4. Discussion {#sec0095}
=============

We tested how self-reported sleep quality relates to measures of cardiac interoception in patients accessing secondary mental health services and control participants. The relationship between distinct dimensions of interoception and sleep quality, specifically in regard to sleep difficulties and sleep effectiveness, was explored in patients with distinct affective disorders (anxiety disorder, major depression, mixed anxiety and depressive disorder), and in healthy controls. Our results suggest that self-reported sleep quality (namely, sleep effectiveness and sleep difficulties) differentially impacts distinct dimensions of interoception: Here, poor sleep quality was associated with a detrimental effect on objective interoceptive accuracy for patients with depression and/or anxiety, and on interoceptive awareness for patients with depression with or without anxiety, yet engendered (across patients) an amplification of subjective interoceptive sensibility. While the direction of causation cannot be established from this cross-sectional study, and it is indeed plausible that poorer interoceptive accuracy may induce poorer sleep quality, our data suggest that the perceived quality of sleep directly influences interoceptive processing. This influence may, in part, be explained by the unfavourable effect of sleep on attentional and cognitive processes (e.g. [@bib0080]), where poor experiential sleep quality may similarly lead to suboptimal performance in interoception tasks.

Participants with greater sleep difficulties and a diagnosis of mixed anxiety and depressive disorder showed lower measures of interoceptive performance accuracy during the heartbeat tracking task, and participants with greater sleep difficulties and a diagnosis of depression or anxiety showed lower interoceptive accuracy during the heartbeat discrimination task. On the other hand, healthy control participants with greater sleep difficulties showed enhanced interoceptive accuracy during the heartbeat discrimination task. This finding, based on healthy controls, complements research evidence for enhanced objective interoceptive accuracy amongst individuals with insomnia ([@bib0255]). However, [@bib0255] excluded participants with clinical diagnoses of depression or anxiety. The results from the current study suggest that, unlike for healthy controls, poorer interoceptive accuracy is predicted by increased sleep difficulties for individuals with a diagnosis of depression and/or anxiety. Sleep effectiveness did not predict interoceptive accuracy.

Interoceptive sensibility was predicted by sleep quality, with reduced confidence ratings for both the heartbeat tracking and heartbeat discrimination tasks predicted by greater sleep difficulties. This contrasts with an opposite effect, where diagnoses of depression, anxiety or mixed anxiety and depressive disorder predicted increased confidence in interoceptive accuracy for the heartbeat discrimination task if they had greater sleep difficulties. Thus, poorer perceptions of sleep quality (specifically in regard to greater sleep difficulties) may falsely exacerbate depressed and anxious patients' beliefs about their interoceptive performance.

The reduced self-reported interoceptive sensibility ratings for participants with greater sleep difficulties complements previous findings regarding the capacity of individuals to maintain insight about their performance despite sleep difficulties: Sleep-deprived participants engaged in tests of cognitive ability are able to accurately assess their performance in these tasks ([@bib0015]). Similarly, junior doctors' were successful in appropriately monitoring their work performance following a period of sleep deprivation ([@bib0155]). However, results from our current study suggest that participants with depression, anxiety or mixed anxiety and depressive disorders are more negatively affected by increased sleep difficulties, while showing inflated confidence in their performance during interoceptive tasks.

Anxiety and depression often present with comorbid sleep problems (e.g. [@bib0120]; [@bib0140]; [@bib0160]; [@bib0230]; [@bib0235]), and our results suggest that poor sleep quality may exacerbate the misinterpretation of bodily signals often found within these disorders (e.g. [@bib0275]). It is possible that this may reflect the greater amount of sleep disturbance within individuals with anxiety and/or depression compared to that of healthy controls. Additionally, other symptoms that arise as a result of poor sleep quality, such as fatigue, may have led to further interoceptive cues that interfered with the individual\'s ability to focus on the interoception tasks of the current study. Given the small sample sizes available for other mental health diagnoses in the current study, future research is required to explore the effect of sleep quality on interoceptive accuracy and sensibility within other mental health diagnoses, in which anxiety symptoms are very common, including personality disorder, psychosis and autistic spectrum disorder. High functioning adults with autistic spectrum disorder have an impaired ability to detect accurately signals from the heart, along with exaggerated interoceptive sensibility ([@bib0105]). However, the role of sleep quality on these dimensions of interoception is yet to be characterised in individuals with autistic spectrum disorder.

The results of the current study are also consistent with interoceptive training literature that suggests that interoception is not a stable trait ([@bib0165]). Instead, interoceptive accuracy and interoceptive sensibility may be altered according to physiological and psychological states of the individual, in this case, sleep quality and mental health diagnosis. This finding is consistent with research evidence of the effect of hunger states on interoceptive accuracy ([@bib0135]). A range of physiological states, not least cardiovascular arousal and psychological states (e.g. anxiety and depression), can affect accuracy and confidence in heartbeat detection.

Previous research suggests that there is often a discrepancy between how interoceptively aware individuals are, and how interoceptively aware individuals *think* that they are ([@bib0240]). In particular, significant correlations between confidence and accuracy can be observed only in those with high interoceptive accuracy, and a greater discrepancy seen between interoceptive accuracy and interoceptive sensibility for those with low interoceptive accuracy ([@bib0100]). With mounting evidence supporting the dimensional disassociation between interoceptive confidence and accuracy, it is important to independently consider objective, subjective and metacognitive facets of interoception ([@bib0095]; Garfinkel & Critchley, 2016). This is the first study to address these distinctions in relation to the role of perceived sleep quality across mental health diagnoses. Findings from the current study suggest that participants with mixed anxiety and depressive disorder with greater sleep effectiveness show greater metacognitive awareness about their interoceptive performance during the heartbeat tracking task. On the other hand, participants with depression, anxiety and mixed anxiety and depressive disorder with greater sleep difficulties show reduced metacognitive awareness about their interoceptive ability during this task. This finding is in contrast with research that has found that sleep deprivation within non-clinical populations does not reduce awareness about performance, with poorer driving simulation performance associated with experiential ratings of reduced performance ([@bib0070][@bib0245]). This discrepancy in findings can be explained by the focus on a clinical sample in the current study, with results suggesting that it is the interaction between poor sleep quality and diagnosis that is of importance, rather than sleep quality alone.

Although the current study explores a novel research area, namely the effect of sleep quality on interoception, there were some limitations to the study. Some key findings pertaining to sleep were based on the heartbeat tracking task, while others were related to the heartbeat discrimination task. The heartbeat tracking task is a purer test of interoception, although it is also susceptible to inflated performance driven by higher order knowledge of heart rate ([@bib0190]). The heartbeat discrimination task is an internal -- external integration task and although dependent on interoceptive accuracy, also requires additional processing. While performance on these tasks tends to be correlated (e.g. [@bib0100]), there is not a one-to-one mapping, correlations are not always observed and different factors, such as stress, differentially affect these two measures of interoceptive accuracy ([@bib0205]). Different brain regions subserve these two tasks ([@bib0210]) and together, these differences could contribute to their separate correspondence to key sleep results. Future studies and precise mechanistic research are needed to further delineate mapping of interoceptive processing to sleep measures in affective disorders. The current study also relied on self-reported sleep quality measures, and did not objectively assess participants' sleep quality through the use of actigraphy or polysomnography, or use a sample of individuals with sleep disorder diagnoses. Experiential reports of sleep quality are moderately correlated with objective measures of sleep ([@bib0050]; [@bib0150]). However, experiential sleep quality may represent distinct sleep parameters from those measured objectively, and it is valuable to consider both experiential and objective sleep quality ([@bib0260]). Future research could explore associations between interoception and sleep quality by utilising such objective measures of sleep quality, and also explore interoception within a sample of individuals who present with sleep disorders. Such research has the potential to provide insight into the embodied mechanisms underlying affect regulation, and to provide integrative understanding into how interactions between interoception and sleep disturbance may underscore phenomena such as dissociation, or switching from episodes of depression to mania or hypomania.

4.1. Conclusion {#sec0100}
---------------

This study adopts a multi-faceted approach to consider clinical diagnosis and experiential sleep quality as predictors of interoceptive sensitivity across dimensions of interoceptive accuracy, interoceptive sensibility, and metacognitive interoceptive awareness. Poor sleep quality, including perceptions about both sleep difficulties and sleep effectiveness, appears to adversely affect interoceptive accuracy, while (falsely) increasing confidence in perceived interoceptive proficiency, for participants with depression, anxiety and mixed anxiety and depressive disorder. These findings suggest that interoceptive ability is intimately tied to physiological and psychological states, such as sleep quality and mental health. Moreover, greater sleep difficulties and less sleep effectiveness may lead to a greater misinterpretation of bodily signals for individuals with mental health diagnoses such as anxiety and depression.
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[^1]: Present address: School of Applied Social Sciences, Mayfield House, University of Brighton, Falmer, BN1 9PH, United Kingdom.

[^2]: *Note*: Heartbeat Tracking *R*^2^ = 0.05 for Step 1 (*p* = 0.038); Δ*R^2^* = 0.05 for Step 2 (*p* = 0.105); Δ*R*^2^ = 0.04 for Step 3 (*p* = 0.084); Δ*R*^2^ = 0.09 for Step 4 (*p* = 0.056); Heartbeat Discrimination *R*^2^ = 0.03 for Step 1 (*p* = 0.157); Δ*R*^2^ = 0.05 for Step 2 (*p* = 0.092); Δ*R*^2^ = 0.00 for Step 3 (*p* = 0.924); Δ*R*^2^ = 0.07 for Step 4 (*p* = 0.149).

[^3]: *p \<* 0.05.

[^4]: *p \<* 0.01.

[^5]: *Note*: Heartbeat Tracking *R*^2^ = 0.02 for Step 1 (*p* = 0.252); Δ*R*^2^ = 0.02 for Step 2 (*p* = 0.525); Δ*R*^2^ = 0.01 for Step 3 (*p* = 0.442); Δ*R*^2^ = 0.04 for Step 4 (*p* = 0.500); Heartbeat Discrimination *R*^2^ = 0.01 for Step 1 (*p* = 0.514); Δ*R*^2^ = 0.00 for Step 2 (*p* = 0.922); Δ*R*^2^ = 0.01 for Step 3 (*p* = 0.558); Δ*R*^2^ = 0.10 for Step 4 (*p* = 0.060); BPQ *R*^2^ = 0.04 for Step 1 (*p* = 0.106); Δ*R*^2^ = 0.10 for Step 2 (*p* = 0.007); Δ*R*^2^ = 0.08 for Step 3 (*p* = 0.003); Δ*R*^2^ = 0.04 for Step 4 (*p* = 0.433).

[^6]: *p \<* 0.05.

[^7]: *p \<* 0.01.

[^8]: Note: Heartbeat Tracking *R*^2^ = 0.02 for Step 1 (*p* = 0.331); Δ*R*^2^ = 0.01 for Step 2 (*p* = 0.864); Δ*R*^2^ = 0.01 for Step 3 (*p* = 0.535); Δ*R*^2^ = 0.12 for Step 4 (*p* = 0.023); Heartbeat Discrimination *R*^2^ = 0.01 for Step 1 (*p* = 0.443); Δ*R*^2^ = 0.01 for Step 2 (*p* = 0.725); Δ*R*^2^ = 0.00 for Step 3 (*p* = 0.870); Δ*R*^2^ = 0.03 for Step 4 (*p* = 0.820).

[^9]: *p \<* 0.05.

[^10]: *p \<* 0.01.
